The progressing discovery of genetic variants associated with drug-related adverse events has raised expectations for pharmacogenetic tests to improve drug efficacy and safety. To further the use of pharmacogenetics in health care, tests with sufficient potential to improve efficacy and safety, as reflected by good clinical validity and population impact, need to be identified. The potential benefit of pharmacogenetic tests is often concluded from the strength of the association between the variant and the adverse event; measures of clinical validity are generally not reported. This paper describes measures of clinical validity and potential population health impact that can be calculated from association studies. We explain how these measures are influenced by the strength of the association and by the frequencies of the variant and the adverse event. The measures are illustrated using examples of testing for HLA-B*5701 associated with abacavir-induced hypersensitivity and SLCO1B1 c.521T4C (*5) associated with simvastatin-induced adverse events.
INTRODUCTION
Genetic variants associated with drug response or drug-related adverse events can potentially be used to improve the efficacy and safety of drugs. [1] [2] [3] Pharmacogenetic tests are generally thought to be useful when the association between the genetic variant and the drug response or adverse event is strong. 4 However, the ability of a pharmacogenetic test to improve drug efficacy and safety depends on more than just the association between the genetic variant and drug response or the adverse event. For that reason, the assessment of pharmacogenetic tests goes beyond quantification of association alone. Reporting measures of clinical validity and population impact in addition to measures of association allows a more informative evaluation of pharmacogenetic tests.
The clinical validity of a pharmacogenetic test indicates the test's ability to predict the occurrence of the adverse event of interest. Clinical validity is determined by the strength of the association between the genetic variant and the adverse event, but also by the frequencies of the genetic variant and the adverse event. Therefore, a strong association is essential but not a sufficient condition to ensure good clinical validity.
The clinical validity subsequently impacts the clinical utility of the test, which is the ability of the test to prevent adverse effects through differentiation in treatments based on the test results. 5 The population impact indicates the potential benefit of a pharmacogenetic test and differentiation in treatments and can be expressed as the expected reduction in adverse events or the number of patients that need a different treatment.
Evaluations of pharmacogenetic tests often report measures of association without considering clinical validity and population impact. 4, 6, 7 For example, measures of clinical validity are included in the Clinical Pharmacogenetics Implementation Consortium guidelines for drug/gene pairs when this information is available from empirical studies, which is the case for only 5 of the 35 drugs. 8 The reasons for this are that pharmacogenetic studies frequently investigate intermediate continuous end points instead of adverse events, such as drug plasma concentrations and biochemical markers of toxicity. Also, studies that investigate adverse events are often observational studies with a case-control design, which by design have a different proportion of cases than in the population of interest. Because of that, case-control studies do allow calculation of the pharmacogenetic association (odds ratio (OR)) but not of all measures of clinical validity.
In this paper we explain how measures of clinical validity and potential population impact can be calculated in pharmacogenetic association studies. Additionally, we demonstrate how the measures are impacted by variations in ORs, adverse event frequency and variant frequency, and illustrate their use in the assessment of pharmacogenetic testing for HLA-B*5701, which is associated with abacavir-induced hypersensitivity 9 and SLCO1B1 c.521T4C (*5) associated with simvastatin-induced adverse events. toxicity or lack of treatment efficacy. Clinical validity is indicated by measures of discriminative accuracy and predictive value.
The discriminative accuracy refers to the ability of a test to discriminate between the presence and absence of adverse events and is indicated by the sensitivity and specificity. Sensitivity is the probability that the genetic variant associated with a higher adverse event risk (from here referred to as the genetic variant) is present in individuals with the adverse event while specificity is the probability that the genetic variant is absent in individuals without the adverse event ( Figure 1 ). To indicate discriminative accuracy both sensitivity and specificity need to be reported. A pharmacogenetic test that has high sensitivity (97%) but low specificity (10%) will be able to predict 97% of the individuals who will develop an adverse event but it will misclassify 90% of the individuals who will not develop an adverse event. Measures of clinical validity can be calculated from a 2 × 2 contingency table that describes genetic test results by adverse events (Figure 1 ). In the abacavir examples (Box 1 and Table 1 ), the sensitivity and specificity were 48 and 97% for clinically diagnosed abacavir hypersensitivity and 100 and 96% for immunologically confirmed hypersensitivity. These values differ because immunologically confirmed hypersensitivity is a more accurate indicator of hypersensitivity reactions that are specifically caused by abacavir than clinically diagnosed hypersensitivity, which can also be caused by concomitant drug use. All immunologically confirmed hypersensitivities are clinically diagnosed hypersensitivities, but not vice versa.
The predictive value reflects the ability to predict adverse events from the presence or absence of the variant and is indicated by the positive and negative predictive value (PPV and NPV). PPV is the probability of an adverse event when the genetic variant is present, and NPV is the probability of no adverse event when the genetic variant is absent (Figure 1 ). Similarly as for discriminative accuracy, predictive ability is indicated by the combination of PPV and NPV, which implies that both need to be reported. Predictive value measures are sensitive to the prevalence of the adverse event and PPV remains generally low for rare adverse events even if the pharmacogenetic associations (ORs) are high. In the abacavir example, reported PPV and NPV were 60 and 95% for clinically diagnosed hypersensitivity and 47 and 100% for the immunologically confirmed hypersensitivity (Table 1 ). This means that 60 or 47% of the patients who carry the HLA-B*5701 variant will actually develop hypersensitivity from using abacavir, depending on which adverse events the test aims to predict, and that 95 or 100% of the patients who do not carry the variant will not develop hypersensitivity.
The different measures of clinical validity represent different perspectives. Sensitivity and specificity indicate the predictive performance from a population perspective, focusing on what proportions of patients with and without an adverse event are correctly predicted. PPV and NPV indicate the performance from an individual perspective as they quantify the adverse event risks for carriers and non-carriers of the genetic variant.
Population impact measures
Pharmacogenetic testing is performed to improve the effectiveness and efficiency by differentiating drug treatments between genotype groups. The potential impact of pharmacogenetic testing in terms of effectiveness can be indicated by the population attributable fraction (PAF). PAF is the proportion of events that is attributed to a risk factor or the proportion of events that would be eliminated from the population if exposure to the risk factor were eliminated ( Figure 1 ). However, a pharmacogenetic variant cannot be eliminated, only a change in treatment can potentially prevent adverse events. Therefore, in pharmacogenetics, PAF indicates the proportion of adverse events that can potentially be eliminated if patients who carry the genetic variant receive different treatments. In the abacavir examples, PAF was 44 and 100% for clinically diagnosed and immunologically confirmed abacavir hypersensitivity, respectively. This means that 44 and 100% of the hypersensitivity is attributed to the effects of the HLA-B*5701 variant. This equals the maximum percentage of cases that can be prevented if individuals who test positive for HLA-B*5701 are not treated with abacavir but receive alternative treatment.
Pharmacogenetic testing may also increase the efficiency of treatment, which can be indicated by the number needed to treat (NNT). The NNT is generally defined as the number of individuals who would need to be treated to prevent one additional event and is calculated based on the event risks of individuals who Figure 1 . Calculation of clinical validity and potential population impact measures from 2 × 2 contingency tables reporting adverse event by genetic variant subgroups. Contingency tables can be constructed using empirical data or using hypothetical data calculated from summary statistics and association measures, such as odds ratios derived from observational studies with a casecontrol design in combination with the frequencies of the genetic variant and the adverse event (see Supplementary Information).
Box 1. Examples
Abacavir Abacavir is a nucleoside reverse transcriptase inhibitor indicated for treatment of HIV infection. Treatment with abacavir is generally well tolerated, but 5-8% of the patients experience hypersensitivity reactions that can be life threatening and warrant immediate discontinuation of the drug. Hypersensitivity reactions can be clinically diagnosed based on symptoms only or be immunologically confirmed using patch testing. Multiple studies revealed a strong association between carriage of HLA-B*5701 and abacavir hypersensitivity in Caucasians and Hispanics. 9, [44] [45] [46] Simvastatin Simvastatin is among the most commonly prescribed generic statin formulations indicated to lower cholesterol levels. Its use is associated with muscle problems varying in severity, including myalgia (pain without evidence of muscle tissue damage), myopathy (pain with evidence of muscle tissue damage) and rhabdomyolysis (severe muscle tissue damage with (possible) complications). A genome-wide association study investigated simvastatin use and myopathy and identified SLCO1B1 as a gene of interest. 10 Since then multiple association studies have linked SLCO1B1 c.521T4C (*5) (rs4149056 SNP) to lower plasma clearance of simvastatin and adverse events. 10, 11, 14, 15 receive or do not receive treatment. In pharmacogenetics, NNT is calculated by comparing adverse event risks in carriers and noncarriers of the genetic variant, which means that the NNT is interpreted as the number of patients who need treatment to prevent one patient from having an adverse event, with patients being the carriers of the genetic variant who need an alternative treatment ( Figure 1 ). The number needed to genotype (NNG) is the number of patients that have to be genotyped to prevent one patient from having an adverse event. In the abacavir example, an NNG of 33 and an NNT of 3 means that for every 33 patients that are genotyped, 3 patients will learn that they test positive for HLA-B*5701 and need to receive alternative treatment to prevent hypersensitivity reactions in one.
Calculations in the absence of empirical data Measures of clinical validity and potential population impact can be calculated from empirical cohort data when the adverse events are binary outcome variables. For studies with a case-control design, sensitivity and specificity can be calculated but PPV and NPV cannot because the proportions of cases and non-cases are generally not reflecting the actual proportions in the population of interest. In this case, or in the absence of empirical data, measures of clinical validity can be calculated from a 2 × 2 contingency table that can be constructed when the frequencies of the genetic variant and the adverse event as well as the OR are known (see Supplementary Information) . 12, 13 These data can be derived from published articles. For the simvastatin examples, we used reported summary statistics and association measures to calculate measures of clinical validity and population impact (Box 1 and Table 1) . 10, 11, 14, 15 Influence of OR, adverse event frequency and variant frequency Measures of clinical validity and population impact evidently improve when the OR is higher (Figure 2 ), but a higher OR does not automatically result in higher values for all measures (Table 1) . Clinical validity and potential population impact do not only depend on the OR, but also on the frequencies of the genetic variant and the adverse event ( Figure 3 and Supplementary Figure S1 ). For example, in the simvastatin examples, the scenario in which the OR was higher did not have a higher treatment efficiency (Table 1) ; the lower adverse event frequency of 0.8% as compared with the other scenario (23%) led to a lower absolute risk difference and in turn to higher NNT and NNG.
The ratio between the frequency of the genetic variant and the frequency of the adverse event also influences clinical validity and potential population impact. In the abacavir example, the adverse event frequency of immunologically confirmed hypersensitivity (3.1%) was lower than the frequency of HLA-B*5701 carriers (6.6%). Despite the high OR (1176), sensitivity (100%), specificity (96%) and NPV (100%), the PPV was only 47%. When the variant frequency is higher than the adverse event frequency, by definition not all carriers will develop an adverse event. For the example of clinically diagnosed hypersensitivity, an OR of 30 was reported, while sensitivity was only 48% and PAF 44% (Table 1) . This illustrates that when the frequency of the genetic variant is lower than the adverse event frequency, sensitivity and PAF can never reach 100% because only a proportion of the adverse events is attributed to the genetic variant.
DISCUSSION
This article illustrates how the clinical validity and population impact of pharmacogenetic tests may vary with the population and setting in which tests are used. ORs, variant frequencies and adverse event frequencies often differ between (sub)populations, for example, according to ethnic background and gender, and therewith cause the clinical validity and potential population impact to vary between populations. Also, changes in the definition and measurement of the adverse event phenotype may impact the observed performance of genetic tests, as the different classification of individuals with and without the adverse event may lead to different adverse event frequencies and ORs. 16 The calculation of the potential population impact comes with assumptions that impact its interpretation. PAF, NNT and NNG assume that changing treatment for patients who carry the genetic variant will lower their adverse event risk to the same level as the risk in the group who do not carry this variant. This assumption may be more realistic for some interventions than for others. The assumptions for PAF, NNT and NNG may hold in case the adverse event is rare. In this case, the adverse event risk after changing treatment will approximate the adverse event risk in patients who do not carry the genetic variant. A similar scenario is observed when the adverse event also has other causes than the drug treatment. For simvastatin, several placebo-controlled trials using statins have demonstrated that adverse event rates in the placebo group were comparable to the group treated with statins. 17 For abacavir, the rate of clinically diagnosed hypersensitivity reactions that cannot be immunologically confirmed was similar to the rates of hypersensitivity reactions (2-7%) among patients not receiving abacavir in double-blind comparativetreatment studies. [18] [19] [20] We therefore assumed that for both examples in this article the assumptions for PAF, NNT and NNG were reasonable.
A previous study has suggested that the strength of the association can be used as a single indicator of the diagnostic test performance 21 because low ORs will never result in highly predictive diagnostic tests. This is true, but not sufficient. Clinical validity depends on the OR but the OR alone does not determine clinical validity and impact. [22] [23] [24] We showed that the impact of the frequencies of the variant and the adverse event on clinical validity and population impact cannot be inferred from the strength of the association alone. Knowledge about the frequencies of the genetic variant and the adverse event in the target population and their influence on clinical validity and potential population impact can aid in identifying groups with increased or decreased drug efficacy or adverse event risks or aid in the selection of subpopulations that should be genotyped with priority.
The OR and the frequencies of the genetic variant and adverse event determine the clinical validity, but whether the clinical validity is high enough for the pharmacogenetic test to have clinical utility is determined by the intended use. The clinical utility of a genetic test is the ability of the test to prevent or ameliorate adverse health outcomes. 5 Whether a test is worth implementing is a tradeoff of the benefits and costs that accrue from both positive and negative test results. For example, for the prevention of life-threatening adverse events, such as abacavir hypersensitivity, lower specificity may be acceptable to obtain the high sensitivity that is needed to prevent the vast majority of adverse events. However, for the prevention of milder adverse events, such as myalgia that often occurs during simvastatin therapy, a lower specificity may not outweigh the higher cost that come with targeting drug therapy. The potential implementation of a pharmacogenetic test is also determined by the alterative treatments available. If there were no alternative treatments to replace abacavir, the benefits of therapy could be considered to outweigh the risk of hypersensitivity reactions.
Insight in the clinical validity and population impact of pharmacogenetic tests helps understanding why some tests are widely used and others are not. The effectiveness and costs of abacavir and availability of alternative treatment explain why HLA-B*5701 testing is widely used before starting abacavir treatment, even though the PPV is lower than 50%. 25, 26 In contrast, SLCO1B1 genotyping before prescribing simvastatin is not widely practiced, which also is supported by the calculations in this paper. While severe myopathy is an adverse outcome that is worth preventing and carriers of SLCO1B1 c.521T4C (*5) are at eightfold increased risk, their absolute risk (PPV) of severe myopathy was 'only' 2%. Forty-nine people would need to receive alternative treatment to prevent the adverse event in one ( Table 1 ). The NPV was high (99.7%) but should be valued in comparison with the probability of no adverse event without testing, which in this case was 99.2%. Carriers had a higher absolute risk for mild adverse events, such as myalgia, but there is no evidence for clinical utility for SLCO1B1 genotyping. 27 Also, statins are usually not discontinued when patients can tolerate mild muscle pain. 28 The examples in this paper can also be generalized to other gene/drug examples. When the prevalence of the genetic variant is common and the adverse event is rare, by definition, most carriers will not develop the adverse event and PPV will be low. This is the case for carbamazepine and HLA-B*1502 associated with Stevens-Johnson syndrome and toxic epidermal necrolysis; despite a very strong association (OR = 113) in Asian patients, the PPV of carriers of HLA-B*1502 is only 1.8%. 29, 30 When the adverse event is common and the genetic variant is rare, non-carriers are still at substantial risk of developing adverse events, resulting in low sensitivity. This is the case for 5-fluorouracil and DPYD variants associated with toxicity where the sensitivity was only 31% despite an OR of 22. 31, 32 Measures of clinical validity can be calculated in association studies when the end point of the study is a binary variable, such as the occurrence of an adverse event. In some instances, the end point is a time variable, namely the time to achieve certain therapeutic levels of the drug such as for warfarin and CYP2C9 and VKORC1. In these cases, measures of clinical validity can be calculated for cutoff values of time, which creates a binary end point as the percentage of patients that reached a therapeutic level of the drug within a clinically relevant period of time after initiating treatment.
The scarcity of resources available for translational research asks for approaches that can fill the current evidence gaps in available empirical pharmacogenetics data, but there is no consensus on the amount and type of evidence required to determine clinical validity. Randomized controlled trials are preferred in the evaluation of pharmacogenetic tests but often not available. 33 The use of data from observational studies and modeling are an attractive alternative as these can provide important indications of clinical validity that can inform evaluations. 2, 12 When using association data, it is important to verify that the study population is representative for the population in which the pharmacogenetic test is going to be used, as differences in the composition of the population might impact the risk of adverse events and the strength of the association. Also meta-analysis of existing data can be useful when differences in adverse event phenotypes are adequately taken into account.
The need to fill in evidence gaps in translational pharmacogenetics research is heightened by the increasing interest in preemptive (pre-prescription) genotyping. Preemptive pharmacogenetic testing has now been adopted in a few early-adopter health system settings, 34 even though there remains great controversy about the clinical utility. [35] [36] [37] The fact that pharmacogenetic data for variants associated with adverse events are 'readily and freely' available do not guarantee clinical utility. Measures of clinical validity are needed to inform whether and how to consider pharmacogenetic test results. Also, the pharmacogenetic data may be available, but its use is not 'free'. Even though point-of-care testing is no longer required, other expenses such as costs of the retrieval and interpretation of the test results, counseling and alternative treatments still have to be considered. 34, 36 Clinical validity and population impact measures are also important to determine the cost-effectiveness of pharmacogenetic testing. 38, 39 Overall, evidence of clinical utility and cost-effectiveness is important for the adoption of pharmacogenetic testing in health-care practice. 36 Finally, while the primary focus of pharmacogenetic testing has been improving drug selection and dosing, a potential benefit of testing may be increased personal utility and adherence. 40 Testing may enhance the patient's confidence in the efficacy of targeted therapy, which may increase medication adherence and improve clinical outcomes. Even though increased personal utility can have desirable benefits, pharmacogenetic tests without clinical validity are essentially placebo tests and should not be used because this may undermine confidence in medicine.
CONCLUSIONS
Implementing pharmacogenetics in clinical practice is new to many health-care providers. It is important to remember that there are many reasons for variability in drug responses between patients (e.g., age, liver and kidney function, pathology, lifestyle), which determine the proper application of pharmacogenetic testing. 41 Pharmacogenetic tests should be adopted based on their clinical utility and cost-effectiveness. However, evidence gaps in available empirical pharmacogenetics data and scarcity of resources available for translational research can hinder current assessment of pharmacogenetic tests. The use of understandable and easily applied measures for clinical validity and potential population impact in addition to measures of association when reporting observational data will facilitate the identification of promising pharmacogenetic applications. 
